When we make an aiming movement toward a moving visual object, eye-hand coupling is of paramount importance for accurate motor performance. Some studies have suggested that both gaze and manual tracking control systems are driven by a common command signal. However, it has never been demonstrated that a motor plan for the arm is produced even when the object is tracked by the eyes alone. By applying transcranial magnetic stimulation to the motor cortex, we show for the first time that ocular tracking is linked to an overall decrease in the excitability of the motor control system of the relaxed upper limb, as estimated from the amplitude of the motor evoked potentials recorded in contralateral hand and wrist muscles. Furthermore, this reduced excitability is modulated in a manner compatible with a subthreshold neural activation encoding a manual tracking response to the same target pursued by the eyes. In addition, excitability changes are contingent on upper-limb posture, because they are present only with a pronated forearm and not with a supinated hand position. We provide direct evidence that, if the arm is held in a congruent postural configuration, tracking a moving object always entails a coordinated motor plan, which involves both gaze and hand movements. Active inhibitory mechanisms are activated to prevent an overt arm movement, whenever a manual tracking is not requested. Our data provide strong evidence in favor of the existence of a common drive to both eye and hand tracking systems.
Introduction
Pointing and tracking objects under visual guidance are some of the most common motor behaviors in everyday life. In these activities, arm movements are typically associated with eye movements toward the same goal. Of course, eyes and hand can move alone, but converging evidence from a large number of studies indicates that performance considerably improves when they move together (Prablanc et al., 1979; Mather and Lackner, 1980; Vercher et al., 1994; Neggers and Bekkering, 1999; van Donkelaar and Staub, 2000; Engel and Soechting, 2003) . In particular, smooth pursuit (SP) eye movements become more accurate and contain fewer catch-up saccades when they are accompanied by an arm tracking movement (Koken and Erkelens, 1992) . The reverse is also true, as manual tracking performance is more precise if eye and hand follow the same spatial trajectory, than when tracking is made by the hand alone (Miall and Reckess, 2002) . To account for these findings, a mutual coupling between eye and hand motor control systems has been proposed, in which a performance improvement results from an exchange of nonvisual signals between separate controls (Gauthier et al., 1988; Lazzari et al., 1997; Scarchilli and Vercher, 1999) .
However, there are data also suggesting that at least part of the central controller could be in common to both arm and oculomotor systems. If the trajectory of a moving target presents an abrupt change in direction, eye and hand tracking movements show striking similarities in kinematics despite the considerable inertial differences of the two systems (Engel et al., 2000) . Furthermore, by using adaptation to increase SP gain, an enhancement in amplitude is also concomitantly observed in manual tracking responses, even when eye motion is restricted (van Donkelaar et al., 1994) . To explain these observations, it has been proposed that a common command signal is driving both ocular and manual tracking responses and that the two systems share at least partially a common neural controller. However, no direct evidence for this hypothesis has been so far provided.
In the presence of a common drive, we would expect that a motor plan for manual tracking is formed even when subjects are pursuing a moving object by the eyes alone. Transcranial magnetic stimulation (TMS) is a tool that allows us to disclose an ongoing motion planning by dynamically measuring the excitability changes of the corticospinal system (CSS) in behaving subjects, as estimated from motor evoked potential (MEP) amplitude in the relaxed muscles. For instance, TMS has been successful in demonstrating that the observation of others' actions (Fadiga et al., 1995 (Fadiga et al., , 2005 or the mental simulation of a movement (Izumi et al., 1995; Kasai et al., 1997; Hashimoto and Rothwell, 1999) induces excitability changes in the CSS, which are coherent with the observed or imagined action. The aim of this study is to ascertain whether ocular tracking of a moving object inherently involves changes of excitability in the CSS of the resting arm and to verify whether the observed responses are com-patible with a motor plan for an aiming movement of the hand toward the gaze target.
Materials and Methods
Subjects. Fifty-nine adult volunteers (22 male and 37 female; mean age, 21.9 years; range, 18 -34) with no history of head trauma or neurological disease participated in the study. All subjects were right handed (as measured by the Edinburgh handedness inventory) and naive to the purpose of the experiment. This study was conducted in accordance with the ethical guidelines set forth by the Declaration of Helsinki. Written informed consent was obtained from all participants.
Experimental protocol. Subjects were sitting comfortably, with their forearms resting relaxed on a horizontal support pointing toward the central vertical meridian and with the hands slightly hanging downward as a result of gravity (Fig. 1 A) . Two experimental series were performed with identical visual and TMS stimulation protocols, but differing as far as the static pronated/supinated posture of the forearm adopted by the subject. Thirty-four subjects participated in the series of experiments with pronated forearm, and 35 subjects participated in the series with the supinated forearm (10 subjects were recruited in both series). Visual stimuli were rear-projected on a wide tangent black screen (160 cm in width and 120 cm in height) placed 1 m in front of the subject. Participants were instructed to fixate for 4 s a white central cross. One second after a warning tone, the fixation cross turned to a white square (subtending 0.6°of visual angle) and started moving at a constant velocity of 10°/s along the horizontal meridian, up to a 20°eccentric position. Subjects had to track the target by the eyes alone as accurately as possible. During each trial (Fig. 1 B) , single-pulse TMS was randomly delivered either 100 ms before target motion or during the SP eye movement, triggered by the electrooculography (EOG) signal at gaze eccentricities of 5°, 10°, or 15°. Each experimental session comprised an overall number of 140 trials (20 trials for each of the seven eye eccentricity conditions). Leftward and rightward SP directions as well as occurrences of TMS pulses during central fixation or at different eye positions were randomly intermixed, so that subjects were unable to predict timing and gaze eccentricity of TMS.
Eye movement and electromyogram recording. Horizontal and vertical eye movements were recorded (cutoff 0 -200 Hz) by means of DC-EOG. Ag-AgCl electrodes were placed at the external canthi and above and below the right eye. EOG calibration was frequently repeated during the experimental session, and drift of DC offset was compensated within each trial by making the subject look at a central fixation cross before onset of target motion. The subject's head was stabilized using a combination chin rest and head-support device. Surface electromyograms (EMGs) were recorded on the right-hand side from first dorsal interosseous (FDI), abductor digiti minimi (ADM), and extensor carpi radialis (ECR) muscles. EMG signals were amplified 1000ϫ with a bandwidth from 0.2 Hz to 1 kHz. Furthermore, attention was paid, as a criterion of trial acceptance, that subjects were keeping their muscles completely relaxed, in the absence of any detectable EMG activity for the entire duration of the tracking task.
EOG and EMG signals were digitally converted at a sample rate of 4 kHz (PCI-MIO-16E-4; National Instruments, Austin, TX) and analyzed off-line by means of custom-written Labview software (National Instruments).
Transcranial magnetic stimulation. A 70 mm figure-of-eight double coil connected to a MagStim Super Rapid magnetic stimulator (Mag-1450 -00; MagStim, Whitland, UK) was positioned over the left motor cortex, contralaterally to the EMG-recorded muscles. The coil was placed tangentially to the scalp with the handle pointing backward and laterally at a 45°a ngle to the sagittal plane, inducing a posterior-anterior current in the brain. This orientation was chosen because the lowest motor threshold is achieved when the induced electrical current in the brain flows approximately perpendicular to the central sulcus (Mills and Nithi, 1997) .
The scalp site at which MEPs were elicited in FDI muscle at the lowest stimulus strength was determined. Once optimal scalp site was found, coil was securely fixed in place by means of an apt mechanical device. The response threshold was defined as the stimulus intensity at which five of 10 consecutive stimuli at the optimal site evoked an MEP with a peak-topeak amplitude of at least 100 V in the relaxed muscle. Stimulus intensity during the entire stimulation paradigm was set at 1.2 times the FDI motor threshold. The amplitudes of TMS pulses applied to the motor cortex turned out to be nonsignificantly different between "pronated" and "supinated" experimental series, being 70.6 and 69.2%, respectively, of the maximum power of the magnetic stimulator. This stimulation intensity at the optimal scalp site for FDI also evoked MEPs in ADM and ECR muscles in all experimental sessions, although generally with a considerably lower amplitude. Low-amplitude responses could introduce a methodological bias in the presence of SP-induced inhibitory effects. In fact, the assessment of a reduction in CSS excitability would be certainly masked if control MEP amplitude were measured with stimulation intensities at or just above threshold. Therefore, for each muscle, subjects were included in the analysis only if the mean peak-to-peak MEP amplitude during central fixation was Ͼ140 V, to insure that excitability changes could be measured against a reliable baseline. In fact, we observed that only with control amplitudes above this baseline level did TMS induce recordable MEPs in the large majority of trials, even in the presence of a reduction of CSS excitability during SP eye movements (see Results). In the experimental series with pronated forearm, this acceptance criterion was fulfilled in 34, 23, and 27 subjects for FDI, ADM, and ECR muscles, respectively. For the same muscles, the subjects included in the analysis in the experiments with a supinated forearm posture were 29, 27, and 28, respectively.
Statistical analysis. MEP amplitudes are continuous variates characterized by a very large variability among subjects in the mean and SD of their statistical distribution. In particular, data from each subject tended to have similar coefficients of variation, as SD generally increased as a function of the sample mean. Therefore, to pool together data from all subjects and apply statistical significance tests, some kind of data transformation is required. An appropriate transformation, in common use in statistics, is the standardized transform defined as follows: X ϭ (x Ϫ )/, where X is the standardized variable, and x is the original variable having a distribution with mean and SD. By this transformation, MEP amplitude becomes a standard measure with zero mean and unitary SD. Therefore, this transformation was separately applied for each sub- Figure 1 . Experimental setup and protocol. A, White visual stimuli were rear-projected on a wide tangent black screen placed1minfront of the subject. The head was immobilized by using a chin rest and a head-support device (not shown). Notice the arm-hand posture (in this figure pronated) adopted by the subject with respect to the central vertical meridian. B, EOG recording (solid line) during SP eye movement, at a constant target velocity of 10°/s (dashed line). A warning tone was delivered 1000 ms before onset of the target movement. TMS pulses were randomly delivered either 100 ms before SP onset or during the tracking eye movement, at gaze eccentricities of 5°, 10°, or 15°.
ject, to normalize experimental variability and permit a direct data comparison.
We can expect that changes in gaze direction do not affect in a significant manner the intrinsic variability of MEP amplitude. Thus, it is reasonable to assume that the observed effects mainly reflect a shift of the mean MEP amplitude, with negligible changes in the variance for a given gaze position (residual variance). Therefore, for the computation of the standardized MEP amplitude, we chose to use the residual variance as a measure of variability within each subject. By considering measurements of MEP amplitude at the different gaze positions as independent samples, we can write S T ϭ S B ϩ S W , where S T is the total population variance:
(N is the number of data points); S B is the variance between samples:
(n is the number of samples); and S W is the variance within samples or residual variance: S W ϭ S T Ϫ S B . Because our aim was to test the effect of gaze on mean MEP amplitude, standardized variables were computed by using the square root of the residual variance S W , in order not to cancel the data variability induced in each subject by changes in gaze position. Finally, standardized MEP amplitudes can be easily inverse transformed to the original variable as follows: x ϭ X ϩ . Therefore, for an approximate evaluation of the mean changes in MEP amplitude expressed in microvolts, induced by gaze direction in the overall population, standardized values can be inverse transformed by using the average values of mean and variance, computed across all experimental subjects. After this transformation, the changes in MEP amplitude (⌬MEP%) between the responses recorded during leftward (MEP left ) and rightward (MEP right ) gaze directions, can be computed as the percentage variation of their respective average values (MEP mean ) through the following formula: ⌬MEP% ϭ (MEP left Ϫ MEP right )/MEP mean ϫ 100.
Results

Ocular tracking performed with the forearm held in a pronated posture
In a first series of experiments, subjects were asked to keep their forearm in a pronated, relaxed posture. As expected, peak-topeak MEP amplitudes are characterized by a very large variability among subjects in the mean and SD. Therefore, to pool together data from all subjects and apply statistical significance tests, raw data are transformed in standardized variables, by subtracting within each subject the average MEP amplitude measured before SP onset and normalizing by the square root of the subject's residual variance (i.e., the variance within groups defined by gaze eccentricity) (see Materials and Methods, Experimental protocol). As a result, MEP amplitudes are represented as the difference from the mean value recorded during the fixation of a stationary target, and MEP changes are expressed in all subjects as a fraction of the experimental variability of the data.
The analysis of the pooled data neatly demonstrate that SP eye movements considerably modulate the excitability of CSS of all three investigated muscles. Based on these results, it is possible to conclude that fixation of a stationary target and tracking a moving object by the eyes alone represent two very different conditions as far as the overall level of excitability of the CSS controlling the hand. Therefore, to study the effects of gaze eccentricity and eye movement direction on MEP amplitude, the analysis was restricted to SP data by excluding the responses recorded during central fixation. A two-way ANOVA (Table 1) was performed on the pooled standardized data with gaze eccentricity and SP direction as grouping factors. The analysis shows that in all muscles, MEP amplitude is independent of gaze eccentricity but is affected in a highly significant manner by SP direction (side factor). As it can be better appreciated in Figure 2 D, responses in FDI and ECR are larger during leftward eye tracking, whereas the opposite occurs in ADM. It should also be noted that in all muscles, no statistically significant interactions were found between side and eccentricity factors.
We would also like to point out that from a statistical standpoint, all described effects are very robust. In fact, despite the very large variation among subjects in the SDs of MEP responses, the same ANOVA analysis applied to the raw data (without the transformation to standardized variables) yields identical results as far as the assessment of statistically significant differences between experimental conditions.
To evaluate mean MEP changes in more meaningful units, standardized values were inverse transformed to microvolts, by using the mean and SD of the original experimental data (see Materials and Methods). Thereafter, in each muscle the mean change in MEP amplitude was computed as percentage variation of the average control value of the overall population. The mean absolute MEP amplitudes across subjects during central fixation were 1358 Ϯ 1660, 502 Ϯ 505, and 383 Ϯ 297 V, for FDI, ADM, and ECR muscles, respectively. The population average decrease in MEP amplitude during SP eye movements was 10.7, 13.7, and 7.8% of fixation values, respectively. Finally, the percentage differences in MEP size between leftward and rightward SP were similar (Fig. 3) , although of opposite sign, in FDI and ADM muscles (5.97 and Ϫ6.47% of the mean values during fixation, respectively). In contrast, only a smaller variation of 4.00% was observed in ECR.
Ocular tracking performed with the forearm held in a supinated posture
Our working hypothesis, to interpret the so far described data, was that the observed changes in excitability of the CSS controlling hand movements unveil the existence of a subthreshold motor plan associated with SP eye movements. If so, we can expect that a different arm posture would dramatically modify the pattern of MEP modulation recorded in the various muscles. To test this prediction, we made another series of experiments with identical visual and TMS stimulation protocols but asking the subjects to keep their forearm relaxed in a supinated posture (palm up). As a result, all fingers were held in a semiflexed position, and the wrist was slightly extended by gravity. As in the "pronated" experimental series, the forearm was resting on a horizontal support pointing toward the central vertical meridian. Most subjects felt that this posture was somewhat unnatural but managed anyhow to carry on the task without difficulties.
The average absolute MEP amplitudes across subjects during central fixation with a supinated forearm were 951 Ϯ 1029, 632 Ϯ 642, and 337 Ϯ 227 V for FDI, ADM, and ECR muscles, respectively. These mean MEP amplitudes were not significantly different from those measured with a pronated posture of the forearm (t test; p Ͼ 0.1). Notice that also the average threshold intensity of magnetic stimulation to elicit MEPs in FDI muscle was not significantly different in the two experimental series (see Materials and Methods). Therefore, it is possible to conclude that, in our conditions, the baseline (central fixation) excitability of upperlimb CSS was not affected by the adopted forearm posture. Figure 4 summarizes the effects of the new arm posture on MEP amplitude. It can be clearly seen that SP does not induce any decrease in excitability of the arm CSS, because mean MEP amplitudes measured during ocular tracking to both leftward and rightward directions (Fig. 4 D) do not differ significantly (t test) from fixation values. Indeed, a tendency toward a reduction in MEP amplitude can be observed in FDI muscle, but also in this case the difference is not statistically significant (t (3776) ϭ 1.385; p ϭ 0.166). Furthermore, two-way ANOVA demonstrates that neither SP direction nor eye eccentricity during ocular tracking affect MEP amplitude in a significant manner (Table 1) . We must then conclude that SP-induced changes of excitability in the CSS are contingent on the adopted posture of the arm during the tracking task.
Discussion
In this study, we demonstrate for the first time that tracking a moving object with the eyes inherently involves excitability changes in the motor control system of the arm, in the absence of any overt limb movement or sign of EMG activation. Changes in excitability consist in an overall inhibition of the upper-limb CSS, which is modulated in a highly specific manner in the different muscles, depending on the direction of SP eye movements. This cannot be considered a generic effect attributable to the arousal level or to a generalized variation of cortical excitability bound to task execution. In fact, the pattern of changes in MEP amplitude varies among muscles and is contingent on the adopted arm posture.
In the following, we argue that the observed changes in CSS excitability reveal that a subthreshold motor plan for manual tracking is formed in association with SP eye movements, suggesting the existence of a common drive to ocular and manual tracking systems. Because the task requires that the target be tracked by the eyes alone, the arm motor program is accompanied by an active inhibition of the upper-limb motor system, to decrease the risk of an overt movement generation. Two-way ANOVA of standardized MEP amplitudes with respect to SP direction (side) and eccentricity in both forearm posture conditions. N is the total number of trials. Asterisks denote statistical significance. For all muscles, side ϫ eccentricity interaction is not significant ( p Ͼ 0.15). 
MEP modulation during SP unveils a motor plan for manual tracking
When subjects perform SP eye movements with a pronated posture of the forearm, there is a high degree of congruence between the modulation of MEP amplitude and pursuit direction. For instance, FDI (abductor of the index finger) on the righthand side shows a higher excitability during leftward than during rightward SP eye movements. Accordingly, the activation of this muscle would induce a leftward movement of the index finger. In contrast, MEP amplitudes in ADM, whose activation would induce a rightward deviation of the little finger, become larger when eyes are pursuing a rightward moving target.
As for the ECR, this muscle is not a pure extensor of the wrist, but its action is equally strong in producing also a radial deviation of the hand (Bawa et al., 2000) . Therefore, a contraction of the ECR on the right side with a pronated forearm (Fig. 1) would produce an upward and leftward movement of the hand. Accordingly, in our data MEP amplitude in ECR are significantly higher during leftward than during rightward eye tracking.
On the basis of the pattern of MEP modulation during SP, we can then conclude that the observed changes in CSS excitability are compatible with a motor plan encoding an aiming movement of the hand toward the same target tracked by the eyes.
Ocular and manual tracking systems are driven by a common command signal It is well known that when arm and eyes are simultaneously involved in a tracking task the performance of both systems considerably improves compared with when they move alone (Koken and Erkelens, 1992; Miall and Reckess, 2002) . To account for these observations, a model has been proposed in which ocular and manual responses are controlled by completely independent sensorimotor systems, and performance improvement during combined tracking would result from an interchange of nonvisual signals between separate controllers (Gauthier et al., 1988; Lazzari et al., 1997; Scarchilli and Vercher, 1999) . A place at which such exchange of information could occur is the cerebellum, where oculomotor signals would be used to exert a predictive control of manual tracking (Miall and Reckess, 2002) . Our data do not exclude the existence of such mechanism in oculomanual coordination. However, the finding that a subthreshold motor plan for the arm is formed during SP, even when manual tracking is not required, is a strong argument in favor of the hypothesis that ocular and manual tracking systems are not completely independent but are driven by a common command signal and, therefore, share at least partially a common neural controller. This viewpoint is in agreement with the observation that gain adaptation imposed to the ocular pursuit influences also manual tracking responses (van Donkelaar et al., 1994) , indicating that plastic changes must occur in a common neural substrate. Furthermore, the conclusion that the two systems share a common controller is also supported by the striking similarities in kinematics of eye and hand tracking movements, despite the considerable inertial differences of the two systems (Engel et al., 2000) .
Congruency of arm posture affects the degree of eye-hand coupling
A main result of this study is that the excitability changes in the CSS, induced by SP eye movements, are strongly affected by the posture of the arm. Actually, a modulation of MEP amplitude during SP only occurs when the forearm is held in a pronated (palm down) posture (i.e., a posture that is normally associated with tracking, reaching, or pointing movements toward a visual object). In fact, the execution of these aiming tasks is more difficult, and for sure very unnatural, when performed with the hand held in a palm-up position. Interestingly, SP does not yield a significant modulation of CSS excitability when the forearm is passively held in supinated posture. It is then reasonable to conceive that the degree of eye-hand coupling during object tracking is adjusted on the basis of proprioceptive afferent signals, informing about the congruency of arm posture for the execution of a manual aiming movement.
This viewpoint finds support in recent data, showing that the pattern of excitability in the primary motor cortex can be modulated by proprioceptive afferent information about the actual position of the effector. For instance, the induced motion of index finger by TMS of the motor cortex turns from abduction to flexion, depending on the initial hand posture (Wassermann et al., 1998) . In the same vein, it has been demonstrated that the excitability of the CSS controlling upper-limb muscles is enhanced when the arm is passively held in particular facilitatory configurations (Shimura and Kasai, 2002; Ginanneschi et al., 2005) .
A modulatory effect of arm posture has also been described on the motor facilitation that accompanies the observation or imagination of actions (Fadiga et al., 1995 (Fadiga et al., , 2005 Izumi et al., 1995; Kasai et al., 1997; Hashimoto and Rothwell, 1999) . Changes in corticospinal excitability show a high degree of specificity for the muscles that are actually involved in executing the observed (Fadiga et al., 1995; Strafella and Paus, 2000; Gangitano et al., 2001) or imagined (Yahagi and Kasai, 1998; Fadiga et al., 1999) movement. Similarly to our study, the pattern of motor facilitation while observing others' actions is deeply affected by the pronated/supinated posture of the forearm (Maeda et al., 2002; Urgesi et al., 2006) . Moreover, MEP facilitation in hand muscles during imagery of finger move- ments is reduced when the imagined movement is incompatible with the subject's hand posture (Vargas et al., 2004) .
One may argue that the changes in excitability of the motor cortex in this study could indeed be caused by mental imagery of a tracking arm movement by the subject. However, this explanation seems particularly unlikely, because we carefully avoided drawing subjects' attention to the possibility of making an aiming arm movement. Interviews after the experimental session confirmed the absolute absence of any imagery of manual tracking.
Motor inhibition during eye tracking
As already described, changes in MEP amplitude during SP cannot be simply ascribed to a subthreshold motor plan for manual tracking. In fact, the overall excitability of the hand CSS concomitantly shows a substantial decrease with respect to the level present during the fixation of a stationary target. This appears to be a generalized inhibition, because its amplitude is very similar in all investigated hand and wrist muscles (Fig. 2 D) . Nevertheless, it must be considered a very specific effect, because it occurs only when SP is performed with a pronated forearm (that is, in the posture in which MEP amplitude is also specifically modulated by the direction of eye tracking). No motor inhibition of the hand can instead be observed with a supinated forearm posture. The simultaneous occurrence of a generalized inhibition of the arm CSS and of excitability changes congruent with a motor plan for a hand movement is highly suggestive that, in the presence of a common drive to both eye and hand tracking systems, active inhibitory mechanisms are activated to switch off the arm motor system, whenever a manual tracking is not requested.
To our knowledge, a decrease in CSS excitability linked with the execution of eye movements has never been described before. Our study does not allow us to ascertain which part (cortical or spinal) of the CSS is involved in the observed modulation of excitability. Data in the literature suggest the possibility that this inhibition may at least partially occur at the spinal level. By testing the H-reflex in a finger flexor muscle, it has been shown that spinal excitability actually decreases during action observation (i.e., it is modulated in a way opposite to that found for the entire corticospinal pathway by means of TMS applied to the motor cortex) (Baldissera et al., 2001 ). Therefore, it is possible to speculate that a decrease of spinal excitability could be a mechanism to prevent muscle contraction in tasks that engage cortical motor systems but that do not require overt motor actions.
